Swells are the ocean surface gravity waves that have propagated out of their generating fetch to the distant coasts without significant attenuation. Therefore they contain a clear signature of the nature and intensity of wind at the generation location. This makes them a precursor to various atmospheric phenomena like distant storms, tropical cyclones, or even large scale sea breeze like monsoon. Since they are not affected by wind once they propagate out of their generating region, they cannot be described by regional wave models forced by local winds. However, their prediction is important, in particular, for ship routing and off shore structure designing. In the present work, the propagation of swell waves from the Southern Ocean and southern Indian Ocean to the central and northern Indian Ocean has been studied. For this purpose a spectral ocean Wave Model (WAM) has been used to simulate significant wave height for 13 years from 1993-2005 using NCEP blended winds at a horizontal spatial resolution of 1°× 1°. It has been observed that Indian Ocean, with average wave height of approximately 2-3 m during July, is mostly dominated by swell waves generated predominantly under the extreme windy conditions prevailing over the Southern Ocean and southern Indian Ocean. In fact the swell waves reaching the Indian Ocean in early or mid May carry unique signatures of monsoon arriving over the Indian Subcontinent. Pre-monsoon month of April contains low swell waves ranging from 0.5-1 m. The amplitudes subsequently increase to approximately 1.5-2 meters around 7-15 days prior to the arrival of monsoon over the Indian Subcontinent. This embedded signature may be utilized as one of the important oceanographic precursor to the monsoon onset over the Indian Ocean.
INTRODUCTION
Ocean surface displays a combination of wide range of gravity waves with varying amplitudes and frequencies. Generation and growth of such gravity waves are primarily dependent on wind velocity, wind duration and fetch. However, even in the absence of significant local wind, one can observe a collection of waves of very large wavelength on the sea surface. Even in a rough sea dominated by waves of small wavelength generated by local winds, there exist waves of large wave length. These are swells which have propagated out of their generating area to the distant coasts without significant attenuation. Observation shows that local winds and waves have very little effect on the size and progress of the swell waves. These waves pass through the sea practically uninterrupted by local effects. Once the swells leave the stormy areas their wave height initially decreases due to attenuation. Afterwards, the steepness reduces significantly to an extent where it can remain independent of the local wind effects. This extremely important criterion makes swell waves quite important since they contain embedded signatures of various atmospheric phenomena occurring elsewhere. This signature could be of distant storms, tropical cyclones, and even global scale sea breeze like monsoon. However, there are not many studies reflecting this aspect. Mukherjee et al (1973) have shown that high swell arrives near the Bombay high area of the Arabian Sea few days prior to the monsoon onset over the Kerala coasts. Ray et al. (2006) and Kumar et al. (2009) also showed the dominance of swell in the Indian Ocean Region. Chen et al (2002) observed the spatial and seasonal patterns of dominant swells and wind waves in the world's ocean. It was found that three well defined tongue shaped zones of swell dominance termed as swell pools were located in the eastern tropical areas of the Pacific, the Atlantic and the Indian Ocean.
Prediction of swell waves is extremely important, in particular, for ship-routing, naval operations and off shore structure designing. Once they propagate out of their generating areas, they cannot be predicted using limited area models. In this work, the propagation of swell waves to the Indian Ocean has been studied using Global WAve Model (WAM) simulations for the years 1993-2005. The quality of these WAM model simulated data is verified by comparing it with the Jason-1 altimeter data and insitu observations for the year 2005. The propagation features thus found are further cross verified using merged satellite altimeter wave height data available from French AVISO/Altimetry Centre for the years 2006 and 2007.
The present study shows that the Indian Ocean is dominated by propagating swell waves of considerable amplitude. It has been seen that these swells arrive from the oceanic region south of 35°S, hereby defined as Southern Ocean. In some of the literatures, Southern Ocean is also defined as Antarctic Ocean or the Ocean beyond 60°S extending to Antarctic region. These waves can grow significantly under the influence of local high wind conditions The study further suggests that the swell waves that arrive to the Indian Ocean in the early or mid May carry unique signatures of approaching monsoon. In the pre-monsoon month of April and early May, the wave height in the Indian Ocean regime is relatively low, being in the range of 0.5-1 m. However, during June-September the higher amplitude swell waves start flowing into the Indian Ocean from the 50°S and the wave height increases to approximately 1.5 -2 m. In fact, 15-20 days prior to the arrival of monsoon over the Indian subcontinent, there is a continuous inflow of swell waves from the this region. This has been verified using merged satellite altimeter wave data for the years 2006-2007.
DATA USED
The wind product from the National Centre for Environmental Prediction (NCEP) available at 1°× 1°s patial resolution has been used to force the global WAM model for the years 1993-2005. The model domain covers the global oceans between 90°S-90°N, and 0°E-360°E. In this study, the wave height information from various space borne altimeter measurements has been used. The wave height information from the Jason -1 altimeter has been used to validate simulated wave height for the year 2005. The wave height information available from the merged observations of Jason -1, Topex /Poseidon, ERS -1, ERS-2 and EnviSAT satellite altimeter is distributed to the international scientific community via the U.S. PO.DAAC and French AVISO/Altimetry centers. These data have been used for the years 2006-07 for verifying the propagation of high swell during the premonsoon month of May.
Buoy observations and the merged product wave height information for the years 2005-2007 over the Indian Ocean region have been used in this study to verify the quality of WAM model simulated wave height.
MODEL USED
In this study the spectral wave model (WAM) has been used to simulate the wave heights for the period 1993-2005. The model numerically solves the wave energy-transport equation explicitly without any apriori assumptions on the shape of the wave spectrum (WAMDI Group, 1988) . The physics of the model expresses the spatial and temporal variation of the wave energy spectrum by representing the system as an externally forced dynamical system. These forces can initiate the generation and dissipation of waves through wind input, white capping dissipation, energy transfer due to non-linear resonant wave-wave interactions, and bottom dissipation, (Gunther et al. 1992 and Komen et al. 1994 ).
The evolution of two dimensional ocean wave spectrum F (f, θ, φ, λ, t) with respect to frequency f and direction θ (measured clockwise relative to true north) as a function of latitude φ and longitude λ on the spherical earth is governed by the transport equation where S is the net source function describing the change of energy of a propagating wave group and represent the rates of change of the position and propagation direction of a wave packet traveling along a great circle path. Here is the group velocity, g is the acceleration due to gravity, and R is the radius of the earth. The equations apply for waves in water of infinite depth. The source function for the deep water case may be represented as a superposition of the wind input S in , non-linear transfer due to resonant wave-wave interactions S nl , white capping dissipation and turbulence S ds , and bottom dissipation, S bot , source functions,
EXPERIMENTS
The WAM model uses a high resolution bathymetry data from ETOPO-5 at 0.833°. The model is forced by NCEP blended wind at the resolution of 1°× 1°. The integration time step is 1200 sec. The output parameters, namely the significant wave height, swell height and wave period , were stored at every 6 hour interval for the analysis. The WAM simulated wave heights have been analyzed to identify the features of swell waves over the Indian Ocean. The analysis has been performed separately over the Arabian Sea (65-70°) and the Bay of Bengal (85-90°) to study the region specific character of the swell waves reaching this region. This analysis precisely indicates the existence of intra-seasonal oscillation patterns over the Arabian Sea region. The pattern is marked by a sharp rise in swell amplitude from 0.5-1 m during early April to 1.5-2 m during mid May, approximately 15 -20 days prior to the monsoon onset. In order to verify this fact using observed ocean surface wave data, the satellite altimeter merged product has been used. The merged product data have been compared with the in-situ observations prior to their use in the analysis.
RESULT AND DISCUSSIONS
Prior to the study of swells, the WAM simulated wave heights were also compared with the altimeter observations and buoy measurements to determine its suitability for the study. It has been seen that model simulations match well with the observations with correlation of 0.83 and RMSE of 0.51m with altimeter (figure1). For most of the Indian Ocean buoys, the correlation and RMSE of model simulations has been found 0..9 and 0.5m respectively. Figure 2 shows variation of observed and simulated wave heights at one of the buoy locations at off Goa. Figure 3 shows the pattern of wave inflow into the Indian Ocean averaged over the region 60°-120°E for the year 2005. It is clearly seen that throughout the year, the wind generated wave in the southern Indian Ocean between 40°-60°S propagates into the Indian Ocean region. However, the magnitude of the waves varies throughout the year. The inflow is very strong and continuous during the month of June to middle of August. The average wave height during this phase is around 2-3 m in the equatorial
Indian Ocean and around 3-4 m in the southern Indian Ocean. For the rest of the year the average wave height is around 1-2 m. This strong swell inflow damps off quickly after the month of August. However as seen in the figure, there is a consistent swell area in the Indian Ocean during December 2005 which extends up to almost 20°N. However this high swells are not persistent with time and may be considered as a weak inflow under effect of strong local winds which eventually caused it to survive. This pattern is normally absent in most of the years. To distinguish the flow pattern in different parts of Indian Ocean, the swell propagation is studied separately over the Arabian Sea and the Bay of Swell Propagation over Indian Ocean Region
International Journal of Ocean and Climate Systems Bengal. Figure 4a shows the nature of swell propagating to the Arabian Sea (65-70°) from the Southern Ocean for the entire year of 2005 in the time frame of every 3 months. It clearly shows that, from January to March, the swell waves that propagate from the Southern ocean gradually attenuate and the average wave height reduces to 1-1.5 m in the equatorial Indian Ocean. Further, during these months of the year the swell waves are not significantly modified by the available local wind conditions. May onwards, the inflow from the Southern Ocean is much more strengthened with an average wave height of 2-3 m in the equatorial Indian Ocean. Under the influence of approaching cross equatorial flow of south westerly monsoon winds, the existing swell waves over the Indian ocean start growing up to 4-5 m during late May or early June and continues up to late August as seen in Figure- To study this response of swell to the monsoon wind, 13 years data set from 1993-2005 has been analysed. Figures 6a and 6b shows the swell arriving to the Arabian Sea during the years of 1997 and 1998 along with the corresponding dates of monsoon for these years. These two years were marked as very strong monsoon years with good rainfall. It can be seen that in the pre-monsoon season the swell height that dominates the Indian Ocean is around 1.0-1.5 m. During the middle of April and May, the regime of high swell waves develops in the Southern Ocean around 20°-30°S. This regime protrudes into the equatorial Indian Ocean after an approximate delay of 2-3 days. In early April, these systems Ocean is followed by the monsoon in about 7-15 days. This fact is also evident from Table -1, which shows the dates of development of Southern Ocean swell regime along with dates of Swell inflow over Indian Ocean as well as monsoon onset dates. The swell inflow over the Indian Ocean is followed by the date of onset of monsoon by approximately 7-15 days in most of the cases. In the years 2002 and 2004, the difference between the two extended up to 19 and 22 days respectively. These two years were also marked by a very week monsoon. To verify this fact satellite based merged altimeter data has also been used. The RMSE between the merged satellite altimeter wave height and the in-situ observations is shown in Figure 8 . It clearly indicates that the product is accurate enough to be used for the purpose of this study. Figure 9 shows the similar kind of features as visible from the model simulations. This clearly indicates that the Southern Ocean swells that propagate to the Indian Ocean are natural responses to the atmospheric phenomena like tropical cyclones and SW monsoon. The swell that arrives 7-15 days prior to the monsoon onset can be considered as one of the good precursor of the upcoming monsoon over Indian Ocean alongwith other indicators such as monsoon trough, Outgoing
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